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Cytochrome c oxidase couples the reduction of oxygen to water to
the translocation of 4 protons across the membrane. Oxygen
reduction occurs at a binuclear center composed of a heme a3 and a
CuB center. During oxygen reduction, chemical protons access the
binuclear center through 2 proton pathways, namely the K- and the
D-pathway. These pathways form a hydrogen bonding network
facilitating proton diffusion [1]. Residues crucial for proton translo-
cation have previously been reported by biochemical, structural and
spectroscopic techniques [2,3].
We have developed an electrochemical approach that allows
studying the electrochemical and catalytic properties of redox
active membrane proteins. Efﬁcient electron transfer is possible due
to the immobilization of the membrane proteins on gold nanopar-
ticle networks which provide a high surface to volume ratio and
consequently allow to immobilize a signiﬁcant amount of protein
on the electrode surface [4,5]. These particles also act as a relay in
the long-range electron transfer between the electron and the
cofactors.
The catalytic current of wild type cytochrome c oxidase from
Paracoccus denitriﬁcans and of variants with mutations introduced
into crucial positions of the D- and K-pathway was determined.
Interestingly some activity remained even for the mutant enzymes
that are reported to be inactive. These results are presented together
with the effect of Zn inhibition.
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In beef heart cytochrome c oxidase turning over aerobically with
ascorbate and cytochrome c, the three redox centres heme c, heme a
and CuA are at near equilibrium in fully active and partially inhibited
states [1]. In the presence of formate there is no reduction at the
binuclear centre (heme a3/CuB). E0′ values (pH 7.4, 30 °C) are
+310 mV for heme a and +260 mV for CuA, if E0′ cyt. c is
+255 mV. This standard redox potential difference between heme a
and CuA permits determination of their separate difference spectra.
Cupric CuA has positive absorbances in the 500–600 nm region plus
the characteristic 835 nm band. The 605 nm reduced heme a alpha
peak is red-shifted in the presence of oxidized CuA. Heme a and CuA
titrations are close to simple Nernstian one-electron processes,
indicating almost no redox interaction between the centres. But there
are both redox and spectral interactions between thebinuclear centre and
the heme a/CuA system. Reduction and/or ligation of the binuclear
centre decreases the redox potential of the haem a and induces shifts
in the heme a spectrum. These interactions affect the kinetic analysis
of the enzyme as well as the use of the CuA steady state in
determining the functional status of the terminal oxidase in vivo.
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Mammalian cytochrome c oxidase (CcO) is a dimeric multi-
functional mitochondrial enzyme consisting of 13 subunits in each
monomer. The study of kinetics and phosphorylation status of the
enzyme provides an insight of its possible regulatory function and shed
a light on its role in the network of mitochondrial respiratory chain.
Using KinasePhos 2.0 web server, multiple phosphorylation sites are
predicted in various subunits of CcO. These predicted sites are shown on
the crystal structure of the enzyme with already identiﬁed phosphor-
ylation sites. Although by default, several phosphotyrosine sites are
predicted but with 90% speciﬁcity, no subunit phosphorylation was
suggested at the tyrosine residues in the whole enzyme. Interestingly,
this is in contrast to the already knownﬁndings of Tyr 304 at I [1], Tyr 218
at II [2] or Tyr 11 at IV −1 [3]. Even the Thr 35 at Va [4] was not
predicted by this web server. Therefore, we conclude the dynamic
changes in the phosphorylation patterns of CcO corresponding to the
metabolic and respiratory status of mitochondria. In order to
compare, BN PAGE isolated enzyme was incubated under the same
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conditions used for the oxygraph kinetics measurements i.e. in the
presence of ADP and ATP with PEP+PK (ATP regenerating system).
Western blots were performed with antibodies against phosphoserine,
phosphothreonine and phosphotyrosine. A clear change was found in
the phosphorylation status of the enzymeespecially in subunits I and IV.
Moreover, autodephosphorylation was observed with tyrosine phos-
phorylations in subunit I. In the kinetics measurements, the coopera-
tivity value (H) of the enzyme varied between 1.348±0.2664 for
mitochondria and 1.336±0.4324 for mitochondria in the presence of
5 mM ADP, and 0.9827±0.7708 * for mitochondria in the presence of
ATP with PEP+PK (pb0.05).
Switching on and off of the allosteric inhibition of CcO activity may
not depend on one speciﬁc phosphorylation site. In fact, the signalling
status of the enzyme may depend on its phosphorylation pattern
which in turn is responsible for the mitochondrial respiratory chain
assembly line for ATP production.
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Cytochrome bd-type quinol oxidase operates as a terminal oxidase
in the aerobic respiratory chain, and genes to encode the oxidases are
present in genomes of many bacteria and archaea as widely as those
to encode haem-copper oxidases are, although these two oxidase
superfamilies share no sequence similarity at all. Cyt bd oxidases have
been found even in pathogens and soil bacteria that used to be
regarded as obligatory anaerobes. These oxidases have extremely
high afﬁnities to dioxygen and utilize them in very low concentra-
tions to conserve respiratory energy in such ‘anaerobic’ organisms.
Cyt bd–type ubiquinol oxidase was isolated ﬁrst in Escherichia coli
and has been investigated extensively for a long time, however, its
atomic structure has not been solved yet despite of enthusiastic trials
in several laboratories. We have identiﬁed and puriﬁed cyt bd-type
menaquinol oxidase from a Gram-positive thermophile Geobacillus
thermodenitriﬁcans K1041 (formerly called Bacillus stearothermophilus
K1041) [1,2], which was the ﬁrst report for the molecular entity of cyt
bd from organisms other than proteobacteria. We have also found and
isolated cyt bd oxidase from an amino acid-producing Gram-positive
mesophile Corynebacterium glutamicum [3]. Geobacillus and Bacillus
belong to the Firmicutes Division, while Corynebacterium, as well as
Mycobacterium and Streptomyces etc., to Actinobacteria Division.
Furthermore, we have recently constructed a system to over-express
the recombinant oxidase in C. glutamicum cells [4]. Here, we have made
another system for over-expression of the G. thermodenitriﬁcans
enzyme in the authentic host cells and found substantial differences
between the two oxidases. These new systems may provide a wider
spectrum from which target enzymes would be selected suitable for
structural studies.
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NO reduction is an important environmental process. Incomplete
denitriﬁcation results in large quantities of N2O, a potent greenhouse
gas, to be released into the atmosphere. Nitric oxide reduction is
carried out by nitric oxide reductases (NORs). There are two closely
related NOR families; the cNOR and qNOR families. These are integral
membrane enzymes that catalyze the two-electron reduction of NO
to N2O. In this work, recombinant cNOR from Thermus themophilus
(PRQ25) was homologously expressed in T. themophilus and heterol-
ogously expressed in Escherichia coli. This is the ﬁrst thermophilic
cNOR to be characterized. The enzyme contains 2 subunits, NorB and
NorC. The UV-visible spectra of the puriﬁed enzyme show the
characteristics peaks for heme b and heme c. NO reductase activity
was measured using artiﬁcial electron donors as TMPD or PMS as well
as with cytochrome c552 obtained from the same organism. Point
mutations in conserved amino acids were done to study their role in
the structure and function of this cNOR, using the structure of the cNOR
from Pseudomonas aeruginosa [1] as a guide. E134, E137 and Y137 in
NorC are putative Ca2+ ligands and are essential for enzyme assembly
and function. E211, E215, E280 are at or near the enzyme active site,
and each is required for a fully enzyme activity. Mutagenesis also
provides support for the presence of a proton-conducting pathway
from the periplasmic face of the protein to the active site. This
pathway involves several conserved amino acids in both the NorC and
NorB subunits.
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Heme-copper oxygen reductases (HCO) catalyse the last electron
transfer step of most aerobic respiratory chains, by reducing O2 to water.
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